Sodium-23 NMR measurements were used to investigate the stoichiometry and stability of Na + complexes with tetraethylenglycol-bis-(8-quinolyl) ether (TEGQ) in acetonitrile solution. The resulting chemical shift-mole ratio data revealed the formation of both 1:1 and 2:1 (metal/ligand) complexes in solution. Formation of the two complexes was further supported by monitoring the molar conductance of sodium ion solutions as a function of the TEGQ/Na + molar ratio. The stepwise formation constants of the 1:1 and 2:1 complexes were evaluated from the computer fitting of the mole ratio data to equations which relate observed 23 Na chemical shift to formation constants. The enthalpy and entropy of complexation in acetonitrile solution were determined from the temperature dependence of the formation constants. Both 1:1 and 2:1 complexes were found to be enthalpy stabilized, but entropy destabilized.
Introduction
Due to the similarities of open-chain polyethylene glycols in many respects to synthetic and naturally occurring ionophores [1] , there has been a growing interest in the coordination chemistry of these ligands and their metal ion complexes [2] [3] [4] [5] [6] [7] [8] [9] [10] . However, in comparison with the metal ion complexes with macrocyclic crown ethers and cryptands [11, 12] , much less thermodynamic data is available on the complexation of open chain polyethylene glycols.
In recent years, we have used nuclear magnetic resonance spectrometry as a very sensitive technique to investigate the stoichiometry, thermodynamics and exchange kinetics of a number of metal ion-macrocycle complexes in nonaqueous and mixed solvents [13] [14] [15] [16] [17] [18] [19] [20] , In this paper we report the use of the sodium-23 NMR technique in acetonitrile solution to investigate the thermodynamics of complexation of Na + ion with tetraethyleneglycol-bis-(8-quinolyl) ether (TEGQ, I), a polyether molecule which resembles the noncyclic nigrecin antibiotics with respect to molecular flexibility [4, 21] 
Materials and Methods
Reagent grade tetraethyleneglycol-bis-(8-quinolyl) ether (TEGQ, Fluka) and sodium thiocyanate (Merck) were of the highest purity available and used without any further purification except for vacuum drying over P2O5. Spectroscopic grade acetonitrile (Merck) was used as received.
All nuclear magnetic resonance measurements were made on a JEOL FX90Q FT-NMR spectrometer with a field of 21.13 kG. At this field, sodium-23 resonates at 23.65 MHz. A 3.0 Μ aqueous NaCI solution was used a external reference and the reported 23 Na chemical shifts referred to this solution. Paramagnetic (down field) shift from the reference is designated as being positive. The concentration of all NaSCN solutions used was 2.0 χ 10~2 M. Temperature of the probe was adjusted at the desired value ±0.1 °C with a temperature control unit using a sensitive heating element. To reach the equilibrium temperature, each sample tube was left in the probe for at least 20 min before measurements begin.
Conductivity measurements were carried out with a Metrohm 712 conductivity meter. A dip-type conductivity cell with platinum black electrodes and with a cell constant of 0.8540 cm" 1 was used. In all measurements, the cell was thermostated at 27.00 ± 0.05 °C using a Haake D1 thermostat.
Results and Discussion
Sodium-23 chemical shifts were monitored as a function of the TEGO/Na + mole ratio at various temperatures in acetonitrile solution. In all cases, only one population average signal was observed, indicating a fast exchange between the solvated and complexed cations in the NMR time scale. All resulting chemical shift-mole data are summarized in Table I and a sample plot of δ vs.
[TEGQ]/[Na + ] at 27 °C is shown in Fig. 1 . In order to obtain further information about TEGQ interactions with Na + in acetonitrile solution, we examined the molar conductance of the metal ion solution (1.0 χ 10~4 M) as a function of the ligand-to-metal ion mole ratio at 27 °C. The resulting molar conductance vs. TEGQ/Na + mole ratio plot is also included in Fig. 1 . It is interesting to note that both chemical shift-and molar conductance-mole ratio plots exhibit two sharp inflection points at ligand to metal ion mole ratios of 0.5 and 1,0 emphasizing the formation of two complexes with the respective stoichiometries of TEGQ.2Na + and TEGQ.Na" 1 " in solution. Evidences for the formation of such 2:1 and 1:1 (metal/ligand) adducts between TEGQ and Na + , K + and Mg 2+ ions in methanol solutions involving absorption changes in the electronic spectra of the ligand have been reported in the literature [4] , When both 1:1 and 2:1 (metal/ligand) complexes are formed in solution, i.e.,
(the charges are omitted for simplicity), the mass balance equations can be written as
where C M and C L are the analytical concentration of the metal ion and the ligand, respectively. Then, the mass balance equations can be solved to obtain an equation for the free metal ion concentration, [M] , as in equation (5 23 Na is given by [18, 22] :
where δ Μ , δ Μ ι_ and 6M 2 L are the respective chemical shifts of the free, 1:1 complexed and 2:1 complexed sodium ion, while, in the case οΐ conductance measurements, the observed molar conductance of solution can be written as [23, 24] :
where AM, AML and AM2L are the respective molar conductances of the free, 1:1 complexed and 2:1 complexed sodium ion. For evaluation of the stepwise formation constants from the chemical shift-or molar conductance-mole ratio data, a non-linear least-squares curve fitting program KINFIT was used [25] , Adjustable parameters are the stepwise formation constants K-i (3) and (4), using the estimated values of formation constants at the current interaction step of the program. Refinement of the parameters was continued until the sum-of-squares of the residual between the observed and calculated chemical shifts (from equation (6)) or molar conductances (from equation (7)) for all experimental points was minimized. The output of the program KINFIT comprises the refined parameters, the sum-of squares and the standard deviation of the data. All the calculated Ki and K 2 values are summarized in Table II . The fair agreement between the observed and calculated chemical shifts and molar conductances (see Fig. 1 ) further supports the occurrence of both 1:1 and 2:1 complexation Na + and TGEQ in acetonitrile solution.
In order to have a better understanding of the thermodynamics of complexation reactions between Na + and TGEQ, it is useful to consider the enthalpic and entropic contributions to these reactions. The enthalpy and entropy of the complexation reactions were determined by measuring the stepwise formation constants of the resulting 1:1 and 2:1 complexes as a function of temperature. The van't Hoff plots of log Κ vs. 1/T for the resulting 1:1 and 2:1 adducts in acetonitrile were linear (Fig. 2) . ΔΗ 0 and AS 0 values were evaluated in the usual manner from the slopes and intercepts of the linear plots, respectively, and the results are also included in Table II .
The data given in Table II clearly show that the stepwise formation constants, at 27 °C, evaluated from the computer fitting of the absorbance and conductance-mole ratio data are in excellent agreement with each other. This is indicative of the high degree of reliability of the method used for the evaluation of K-i and K 2 values.
From Table II , it is obvious that the stabilities of both 1:1 and 2:1 complexes decrease very significantly with increasing temperature, indicating highly exothermic complexation reactions in acetonitrile solution. As seen, both 1:1 and 2:1 complexes are enthalpy stabilized but entropy destabilized. Similar behavior has been frequently reported for the interaction of macrocyclic ligands with a variety of metal ions in nonaqueous and mixed solvents [6, 8, 11, 12, 26, 27] , It is well known that acetonitrile, as a solvent of intermediate donor number and dielectric constant (i.e. DN = 14.1 and ε = 36.1) [28] , can only weakly solvate the univalent sodium ion of relatively low charge density [29], Thus very negative ΔΗ/ and ΔΗ 2° values in this solvent emphasize the more comfortable stronger interactions between the weakly solvated cation and free donating groups of the ligand. In this case, the positive contribution due to desolvation of the reactants in the entropy changes of the system is expected to be negligible. On the other hand, although a detailed interpretation of all parameters including solvation-desolvation of the reaction partners in not possible, it is very likely that a main part of the unfavorable entropy contribution is related to a decrease in the conformational entropy of the ligand upon formation of a metal complex [23, 26, 27] , Large noncyclic polyethers such as TEGQ should be rather flexible in the free state. The degree of flexibility would vary with the extent of ligand-solvent interaction. Formation of a rigid complex with the cation should decrease the conformational entropy of the ligand an thus give rise to a negative AS° value.
Thus, not only the solvation-desolvation of the cation, ligand and their complexes contribute to the AS 0 values, but, in the case of large flexible ligands, the ligand conformational changes upon complexation may also have a very significant role in the thermodynamic behavior of complexation. In a recent investigation on the kinetics and mechanism of complexation of Li + and Na + ions with tetraglyme in nitromethane, Petrucci and coworkers have clearly shown the predominance of the Eigen-Winkler mechanism for complexation in solution [30], ko ki k2
where M + is the solvated cation, C is the free solvated glyme and M...C + , MC + and (MC) + are three different conformations of the resulting complex. Based on ultrasonic relaxation data, the authors concluded that the initial rearrangement of the ligand is rate determining for faster processes, and the flexibility of tetraglyme affects both the fast process (through k_i) and the show process (through k 2 ). Consequently, overall values of the enthalpies and entropies of complexation are sums of contributions of several processes, all of which are influenced by the nature of solvent to some extent. Thus, it seems reasonable to assume that the observed thermodynamic behavior of the Na + -TEGQ system in acetonitrile is mainly related to the flexibility of TEGQ in its possible conformations, during the course of complexation. However,
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the TEGQ conformation in each step (and specially the ligand-solvent interaction) must be much better known before the nature of thermodynamic behavior can be elucidated.
